The bactericidal efficacies of three organic N,N'-dihalamine disinfectants in the class of compounds termed imidazolidinones were determined for combinations of pH, temperature, and water quality treatments by using Staphylococcus aureus and Shigella boydii as test organisms. The compound 1,3-dibromo-4,4,5,5-tetramethyl-2-imidazolidinone was found to be the most rapidly acting bactericide, especially under halogen-demand-free conditions. The mixed N,N'-dihalamine 1-bromo-3-chloro-4,4,5,5-tetramethyl-2-imidazolidinone was found to be intermediate in terms of rate of disinfection, while the compound 1,3-dichloro-4,4,5,5-tetramethyl-2-imidazolidinone was observed to be the slowest acting bactericide. When overall effectiveness was judged on the basis of stability of the disinfectants along with rates of disinfection, the mixed halamine was considered to exhibit great potential for use as a disinfectant in an aqueous solution.
During the past several years our laboratories have been involved in the syntheses and testing of organic halamines as possible alternatives to free chlorine as broad-spectrum disinfectants. Much of the research effort has been focused on but not limited to the use of these halamines as water disinfectants.
The compounds which are being studied here should not be confused with the organic halamines that are produced as a result of chlorinating or brominating water containing nondefined mixtures of nitrogenous compounds. As has been pointed out by White (15) , many of these halogenated derivatives exhibit minimal efficacies as disinfectants. On the other hand, several prudently synthesized halamines that have considerable disinfecting or sanitizing activities exist.
The organic N,N'-dihalamines under consideration here have several attributes that make them potential candidates for use in the applications mentioned. Many of these attributes have been discussed in publications dealing with a similar N-halamine, 3-chloro-4,4-dimethyl-2-oxazolidinone, henceforth referred to as compound I (see Fig. 1 ), which has been studied extensively in our laboratories. Compound I was first synthesized and shown to be bactericidal by Kaminski et al. (8) and Kosugi et al. (10) . Further work in our laboratories has demonstrated its efficacy as a bactericide (3, 16, 21) ; its stability in water as a function of pH, temperature, and water quality (17, 22) ; its lack of tendency to produce trihalomethanes (18) ; its lack of toxicity for chickens drinking water containing it (13) ; some possible mechanisms of action of the disinfectant (1, 9) ; and other general properties of compound I as a water disinfectant (20, 23, 24) . As a result of this extensive study of compound I, it became evident that organic chloramines (and probably halamines in general) might have been rather hastily overlooked as useful biocides.
Some possible shortcomings in the overall effectiveness of compound I as a biocide were identified, such as the longer contact time required for disinfection than that needed for free chlorine for some organisms and the absence of a free chlorine residual, which was contrary to the accepted guidelines for drinking water in distribution systems. With these deficiencies identified, a series of experiments was under-* Corresponding author.
taken to synthesize new organic halamine compounds which would not have the usual problems associated with organic halamine disinfectants. Previously, the bromine-containing analog of compound I, 3-bromo-4,4-dimethyl-2-oxazolidinone (compound IB), which exhibited many desirable properties of a soluble disinfectant (7, 22a, 23) , was prepared. Compound IB, while an excellent bactericide under most test conditions, was not as stable in solution as desired, so further halamine compounds were synthesized and tested.
Generally, the new halamines which have been studied here are crystalline solids with adequate solubility in water to allow a residual halogen concentration in excess of that required for disinfection. The compounds are also quite stable under conditions normally encountered in water treatment facilities. The possible use of the halamines in sewage treatment has not been examined at this time. The compounds do not form an appreciable free halogen residual upon dissolution, except for 3-bromo-4,4-dimethyl-2-oxazolidinone, and as a result are stable in solution at moderate temperatures. A secondary effect of the combined-halogen nature of the compounds is that the solutions are typically noncorrosive, a factor of concern in the disinfection of water in cooling towers and other heat exchangers. This paper will report on the bactericidal activities of three new halamines under laboratory-controlled conditions of pH, temperature, and water quality.
MATERIALS AND METHODS
Chemistry. The compounds tested were 1,3-dichloro-4,4,5,5-tetramethyl-2-imidazolidinone (A), 1,3-dibromo-4,4,5,5-tetramethyl-2-imidazolidinone (AB), and 1-bromo-3-chloro-4,4,5,5-tetramethyl-2-imidazolidinone (ABC). The structures of the compounds are shown in Fig. 1 along with the structures of compounds I and IB. The compounds were synthesized by halogenation of the appropriate precursor imidazolidinones (2a) .
The water used for the disinfectant compound solutions was made either chlorine demand free (CDF) by standard procedures (16, 17, 19) of SDW test conditions in a temperature-controlled orbital shaker. Timing of the exposure to a biocidal agent was initiated concurrent with the addition of a disinfectant. The final volume of inoculum, buffer, and disinfectant was 50 ml, with a consequent initial cell density of 1 x 106 to 2 x 106 CFU/ml. Disinfectant was always added as a small volume (approximately 0.05 to 0.4 ml) of concentrated stock such that the dilution of the cell density was minimal. At predetermined contact times, 1.0-ml aliquots were withdrawn and added to an equal volume of 0.02 N sodium thiosulfate in 0.05 M sodium phosphate buffer (pH 7.0). Log serial dilutions were made in sterile CDF saline, and the dilutions along with the thiosulfate-quenched aliquots were plated by using a microdrop procedure (16) . Samples were collected for up to 240 min of contact time unless previous replicate experiments indicated that shorter contact times were sufficient for complete inactivation. In most cases the viable cell density declined to a level such that no survivors were recovered by the enumeration procedure used. Plates were incubated for a minimum of 48 h to allow the growth of slow-growing or injured organisms.
The potential for halogen demand because of the introduction of low levels of medium contaminants by the inoculum preparation method was measured. A blank inoculum in sterile CDF saline was prepared by wiping the sterile surface of a tryptic soy agar plate and immersing the swab in 5 ml of saline. A solution of approximately 1 mg of Cl+ per liter was prepared by diluting commercially available NaOCl in CDF phosphate (pH 7.0) and then titrating this solution for free chlorine by using amperometric titration. The solution was split into two equal volumes; one aliquot received saline containing material introduced from the media, and the other aliquot received an equal volume of untreated saline. The saline volumes were of the same relative volume as would be introduced through inoculation of reaction flasks (1:100 dilution of the saline suspension). The free chlorine concentrations were determined at 0.5, 1, and 17 h after the addition of saline to both flasks. The free chlorine concentrations were not found to be different in the two solutions either initially or after 17 h. The flasks were maintained open on the laboratory bench and occasionally were swirled vigorously. A loss of approximately 0.1 mg of chlorine per liter was found in both solutions after 17 h. The fact that no difference was found in the free chlorine concentrations with or without medium introduction led us to adopt an inoculation method that does not include a wash step. We believe that the key point in this method of inoculation is the huge dilution used by suspending cells in saline and then diluting the saline 1:100 in the reaction solutions.
The organisms chosen for these experiments were S. aureus and S. boydii. S. aureus was used because in previous experiments (16, 19, 20) it was found to be the most halogen-resistant organism in our collection. Even though Escherichia coli is the normal indicator of fecal contamination and is therefore commonly used for water disinfection studies, we feel that there might be applications for halamine disinfectants outside of potable water treatment, such as recreational water disinfection, in which pathogens such as S. aureus are extremely important. S. boydii was used as a model species of a human enteric pathogen. In addition, prior work has demonstrated that E. coli is readily inactivated by compound I (21) .
Total chlorine residuals were measured at the end of exposure cycles by forward amperometric titration or standard iodometric titration (2) . lodometric titration was found to be best for critical evaluation of the halogen content of the imidazolidinone derivatives, owing to the fact that amperometric titration only indicated partial halogen concentrations for compounds A and ABC. lodometric titration was found to be quantitative for the total halogen concentrations of all of the halamines. Limited testing with a commercially available diethyl-p-phenylenediamine kit (Hellige Inc.) also indicated the necessity for iodometric titration unless drastic modifications were made in the use of the test kit.
Predicted times necessary for 6-log declines in viable bacterial densities (NINO = 99.9999% decline, where No = 106 CFU/ml, the cell density at time zero, and N = CFU per milliliter at time t, the contact time in minutes) were calculated from transformed cell density data. The loglo(CFU per milliliter + 1) transformation was used to code the data (14) , and the General Linear Models procedure of the SAS Institute, Inc., was used to predict loglo(CFU per milliliter + 1) by using contact time as the independent variable in the regression equation. The treatment variables were tested for their effect on calculated disinfection rates by testing for the heterogeneity of the slopes of the generated regression equations. In this test, the treatment was considered as a covariate (5) and was tested for significant interaction with the independent variable, contact time. The significance level chosen for these comparisons was P > 0.05. Rechallenge experiments. The resistance to repeated reinoculation of bacteria was evaluated in a series of rechallenge experiments for each of the disinfectants tested. The disinfectants were buffered to pH 7.0 with 0.05 M phosphate buffer (CDF), and solutions were stored in 100-ml screw-cap tubes tempered at 22°C. The initial total halogen concentration was 7 .05 x 10-5 M, equivalent to 2.5 mg of total chlorine per liter. The rechallenge experiments were conducted by periodically reinoculating the disinfectant solution with a fresh challenge of S. aureus at approximately 106 CFU/ml and removing aliquots at predetermined timed intervals for the determination of survivors. The aliquots were added to equal volumes of 0.02 N sodium thiosulfate buffered to pH 7.0 with 0.05 M phosphate buffer to quench all the halogen present, and then 25-pd microdrops were plated on tryptic soy agar. After 24 and 48 h, subjective estimations of survivorship were made and scored on a scale of 0 to 4, with 0 representing no detectable survivors, 1 representing less than 50 CFU/25 pul, 2 representing more than 50 CFU/25 pul but with distinct colonies, 3 representing colonies too numerous to count but not confluent, and 4 representing confluent growth. Preliminary experiments had indicated that incubations beyond 48 h were unnecessary for the growth of weakened or injured organisms. Special media were not used as a rescue for injured organisms (11, 12) . Rechallenging was continued until the contact time required for an estimated 6-log reduction in viable bacteria exceeded 24 removed, and the rate of disinfection of S. aureus was determined in the usual manner. Controls for this determination consisted of fresh ABC, fresh A at the same total halogen concentration as the aged ABC, and a disinfectantfree SDW control culture. RESULTS Predicted disinfection times. Predicted inactivation times were consistent within treatments (combinations of pH, temperature, disinfectant, concentration of disinfectant, and test organism) when CDF test conditions were used, i.e., increasing the halogen concentration resulted in less time being needed for a 6-log inactivation. The experimental procedure resulted in estimates of approximately 10% error in predictions of the time required for a 6-log decline in viable organisms, on the basis of the regression model specified. Observed inactivation curves were generally linear for treatments with either compound AB or compound ABC conducted in CDF neutral pH buffer at 22°C (Fig. 2 and  3) . The presence of a "shoulder" in the curve plotted through the datum points for compound A was noted in experiments conducted with both S. aureus and S. boydii as the test organisms in neutral pH buffers at 22°C. Inactivation of S. aureus by all three halamines was more rapid and was found to have much less of the shoulder effect for compound A when the treatment conditions were made alkaline and the temperature was kept at 22°C (Fig. 4) . In experiments in which controlled chlorine demand was imposed with SDW, the rate of disinfection depended on a nonconstant interaction between halogen concentration and contact time (i.e., the halogen demand of the system). Inactivation times for the three halamines predicted by the model log(CFU per milliliter + 1) = time are presented in Tables 1 to 3 The lowest disinfection rates were observed in SDW test situations. In these experiments the halogen demand of the system coupled with the low temperature resulted in 8-to 550-fold increases in inactivation times relative to those calculated at test conditions of neutral pH and 220C. The effect of the high halogen demand alone can be estimated by comparing the predicted inactivation times for the pH 9.5, 40C CDF treatments with those for the pH 9.5, 40C SDW treatments. In these comparisons, the only differences are the SDW additions to the buffer. High halogen demand caused a 12-to 312-fold increase in inactivation time for compound AB but only a 2-fold increase for compound A and a 5-to 25-fold increase for compound ABC. Similar results were obtained previously when a related chloramine, compound I, was evaluated in our laboratories (16) .
Limited testing was done with S. boydii as the test organism. S. boydii was not as difficult to kill as was S.
aureus under any of the conditions tested except for neutral inactivation at 220C by compound AB. In previous experiments, this organism was also found to be less resistant to disinfection by compound I and Ca(OCl)2 (16, 19) . In those experiments, S. boydii was found to be intolerant of the acetate buffer system used to achieve the acidic treatment pH (19) , so pH 4.5 comparisons were not attempted with this organism in this study.
The effects of the treatment variables-pH, type of disinfectant, concentration of disinfectant, temperature, and water quality-were assessed by using the General Linear Models procedure (unbalanced design). All treatments were found to be significant at the 0.05 probability level.
Rechallenge experiments. The response of the disinfectant solutions to repeated additions of viable bacteria was monitored over a period of greater than 15 weeks (2,856 h). The age of the compound was the total storage time since the solution was first dosed with bacteria. Control cultures were included for all rechallenge experiments, but the data are not presented, as control viability exceeded the maximum contact time of 1, 440 min in all cases. There was no significant change in the rate of disinfection by any of the three compounds through 336 h with the fourth rechallenge with S. aureus (Table 4) . With the fifth rechallenge at 504 h, there was a marked decrease in the rate of killing by ABC and a lesser decrease in the disinfection efficacy of AB. There was no noticeable change in the rate of inactivation by A until the eighth rechallenge at 1,704 h.
Disinfection by aged compound ABC. Figure 5 shows a composite graph indicating the kinetics of disinfection by aged ABC in SDW compared to fresh ABC or fresh A in SDW, with the stability curve generated by monitoring halogen concentration as a function of storage time for the ABC solution. The boxed area indicates the approximate time at which the sample was removed for bactericidal testing. The fresh A and ABC solutions were prepared by the addition of a sample of A or ABC to the SDW solution at the beginning of the disinfection experiment. A 6-log decline was achieved in 2, 24, and 24 h with fresh ABC, aged ABC, and fresh A, respectively. DISCUSSION Predicted disinfection times. The observed pH effect for compound A was contrary to the well-known response of free chlorine to an alkaline pH (4, 6, 15) but has been documented previously for other N-halamine disinfectants (16) . Two possibilities have been suggested to cause this effect (by a referee): the increased pH favors the formation of an OCl-anion as a result of hydrolysis of the N-Cl bond or the halamine undergoes a change in net charge which allows a more efficient disinfectant mechanism to be operable. A series of experiments in which the stability of the halamines was monitored in solutions of controlled pH indicated a somewhat accelerated rate of loss of halogen at . These data suggest that the reason for fected by the addition of halogen demand to the lowenhanced biocidal activity is most likely base-catalyzed temperature test solutions than was compound AB (compare hydrolysis of the N-Cl bond. Thus, even though free the predicted inactivation time for S. aureus, pH 9.5, CDF, chlorine in the form of OCl-is a less effective bactericide 4°C, to that for S. aureus, SDW, in Tables 2 and 3) . From than is HOCI at a lower pH, the increased concentration of these comparisons it would seem that temperature had a OCl-from compound A at pH 9.5 enhances the bactericidal greater affect than organic load on the disinfection kinetics of efficacy as compared with nondissociated compound A at compounds ABC and A. For compound AB, the most pH 7.0. The mixed halamine exhibited characteristics of dramatic effect was caused by the addition of organic load to both the chloramine and the bromamine in terms of its the test solutions. The three halamines responded in similar response to pH treatments. In experiments designed to fashion when treatments were conducted at 22°C, with the examine the effect of temperature on the inactivation of S. lowest rates of disinfection occurring at a neutral pH. aureus the mixed halamine exhibited a much more dramatic Rechallenge experiments. The trend established in these increase in the time required for a 6-log decrease when the experiments was for the bromine-containing compound AB treatment temperature was reduced from 22 to 4°C than did to exhibit rapid disinfection rates over several rechallenges compound A. The other halamines also had decreased but then to begin to lose disinfection capability as a result of efficacies, but these losses were less than that recorded for exhaustion of the bromine moiety. The chloramine (com- mine from chlorine in this compound, the rechallenge point at which a loss of efficacy was first noted (504 h) was the same point at which compound AB suddenly became less effective. Our premise is that the bromine was preferentially being lost, leaving the monochloramine derivative of ABC. This is to be expected given that the N-Br bond is weaker than the N-Cl bond. It is evident that as further rechallenges were performed on the monochloramine decomposition product of ABC, the remaining chloramine continued to confer biocidal activity until exhaustion at 1,704 h of storage and rechallenge. This second cascade of loss of disinfection efficacy coincided with the loss of disinfection efficacy of compound A (Fig. 5) .
Compound AB lost disinfection efficacy rapidly after 500 h of storage and rechallenge. While this compound was the most active of the three tested in short-term storage, the increased biocidal efficacy was not generated without a price, the loss of long-term stability.
Disinfection by aged compound ABC. Figure 5 indicates that as total halogen was lost from compound ABC, the disinfection kinetics of compound ABC become more similar to those of compound A. The rate of disinfection by aged ABC was not significantly different from the rate of disinfection by freshly prepared A. However, the disinfection rate in SDW was drastically different from that observed for freshly prepared ABC. These data support the previous statement that compound ABC preferentially loses its bromine moiety and, as a result, resembles compound A in its disinfection efficacy as it ages. The preferential loss of bromine is greatly accelerated in SDW storage, owing to the much greater halogen demand of SDW than of CDF rechallenge cultures.
After consideration of both the rechallenge data and the disinfection data, it can be concluded that compound ABC is an exceptional bactericide for a broad spectrum of applications. The compound has adequate stability to continue as an effective biocide for many weeks while still maintaining an adequate disinfection rate. Compounds A and AB should not be ignored as possible alternative disinfectants, especially compound A for use in treatments for which extended contact times do not present a problem, such as closed-cycle cooling or heating systems or swimming pool winterization.
